This work presents systematic investigations of piezoresponse force microscopy (PFM) on III-N semiconductors. In bulks and thin films, the electrostatic artifacts in the PFM signal were minimized by using a stiff cantilever and a top metallic electrode. Depending on the electrode geometry, the clamping and bending effects can concurrently occur. While the clamping effect only decreases the piezoresponse amplitude, the bending one can either increase or decrease the amplitude and; if it is dominant, the phase signal becomes rotating by 180°. The reduced lateral dimension of the nanowires can suppress both artifacts by homogenizing the field distribution. The phase of the piezoresponse from GaN, Al0.9Ga0.1N/GaN, and AlN nanowires is always coherent with their polarity, and the extracted d33 values agree with their respective bulk ones. We suggest that the nanowire is a relevant geometry to perform quasi-quantitative PFM, and there is no giant piezoelectric in this type of nanowires as claimed in the literature.
After the publications of ZnO nanowire-nanogenerators and self-powered nano-systems [1-2], piezoelectric semiconductor nanowires such as ZnO and GaN have gained rising attention for mechanical energy scavenging using piezoelectric effect. Higher energy conversion efficiency was further expected since a giant piezoelectric effect was extracted from 60 nm-diameter GaN nanowires by using vector piezoresponse force microscopy (PFM) measurements [3] [4] . In PFM, a conductive tip is used as a movable top electrode to apply an alternated electric field and detect associated displacement caused by the inverse piezoelectric effect, simultaneously. Nevertheless, it remains challenging to obtain quantitative PFM analyses and to understand the PFM signal; particularly, from piezoelectric semiconductors because of their low piezoelectric coefficient values (2-6 pm/V). Besides, various measurement parameters could influence on the PFM response such as electrostatic effects [5] , nanoscale SFM tip diameter [6] , substrate bending [7] , substrate clamping [8] , signal amplification by mechanical resonance of cantilever [9] , cantilever buckling [9] , topographic variation, etc. Those parameters introduce artifacts to the PFM signal, thus providing incorrect piezoelectric coefficients and material polarity. Possibly, the mentioned artifacts might be the reasons for the inconsistent interpretations of the PFM signal from III-N thin films from different groups [10, 11, 12, 13, 14] . This issue should be clarified because PFM is one of the general tools used for identifying the mixture of crystal polarities and piezoelectric properties of nitrides [15, 16, 17, 18, 19] . Without clarifying this inconsistency, the giant piezoelectricity in GaN nanowires and nanobelts remains questionable as it might result from the measurement artifacts.
In this paper, we performed systematic PFM studies on III-N in various forms. The electrostatic coupling, the clamping, and the substrate bending effects usually mislead the PFM signal interpretation from bulk and thin films. Nanowires compared to bulk or thin-film are shown as a relevant geometry to avoid geometric induced artifacts in PFM signal, thus allowing correct determinations of the piezo-coefficients and polarity of materials. Our experimental results are supported by two-dimensional finite element simulations via COMSOL software. It was found that there is no giant piezoelectricity in GaN nanowires as claimed in literature [3, 4, 20, 21, 22] .
Wurtzite III-Nitride is a non-centrosymmetric crystal, which possesses both spontaneous and piezoelectric polarization. The spontaneous one originates from the non-ideality of the crystal structure, while the piezoelectric one is caused by the displacement of the center of gravity of cations and that of anions under external stress. The compressive stress along the c-axis of Ga-GaN or the [0001] direction, moves the Ga atoms closer to the nitrogen basal atoms, leading to a negative piezoelectric polarization in this direction. The orientation of the piezoelectric polarization of III-Nitrides is similar to that of II-VI such as ZnO, but it is opposite to the ones of other III-V compounds [23] . Reversely, the applied electric field also introduces an ionic displacement in the crystal, resulting in a lattice deformation. If the electric field is applied along the c-axis, the anions (cations) would displace in the opposite (same) direction to that of the applied field [24] . In the case of III-N, the deformation preferentially occurs through the distortion of the tetrahedral angle rather than the modification of tetrahedral distance. Figure 1 schematically describes the expected piezoresponse from Ga-and N-polar GaN bulk substrates in the sample bias configuration. When a positive voltage is applied at the backside of the sample, a positive field would appear along the [0001] direction. Using the Voigt notation, the strain along the c-axis (ε33) of Ga-GaN under the applied field (E3) parallel to the [0001] direction is given by ε33=d33E3. The d33 is the piezoelectric coefficient defined with respect to the [0001] axis, which is positive in III-N [25] . The crystal expands, or the ε33 is positive when the positive E3 is applied [The left panel of Figure 1 (a)], while the ε33 is negative or the crystal contracts when the electric field direction is reversed. The phase difference between the PFM signal and the applied VAC at the substrate is 0° for Ga-GaN [The right panel of Figure 1(a) ], while the one of N-GaN shifts to 180° [Figures 1(b) ]. This PFM phase response; if it is measured correctly, it can be used as a non-destructive method to determine the material polarity.
In 2002, Rodriguez et al. performed a polarity imaging on a one-µm thick GaN layer on a sapphire substrate, by monitoring its PFM phase signal [10] [11] . These authors [10] [11] and Stoica et al [12] explained the observed phase signal by using a total polarization, which is dominated by spontaneous polarization. However, the direction of spontaneous and piezoelectric polarization in III-Nitrides are opposite [23] as seen in Figure 1 . Thus, their PFM phase description indicates the 180° phase offset. Moreover, the sign of the applied electric field (differing from the voltage) which depends on the bias configuration, should be carefully defined; otherwise, the phase signal can be 180° shifted, as well.
In 2011, Brubaker et al. noticed that the PFM phase response from a 100-nm AlN layer on Si(111) agrees with the piezoelectric polarization [13] [14] , unlike those of GaN reported in ref [11] [12] [13] . In 2015, Minj et al., used the PFM phase to locate Ga-and Npolar regions in single nanowires [26] , following Rodriguez et al. [10] [11] . For equivalent ZnO material, Scrymgeour et al. showed the consistent PFM phase signal of ZnO bulk with the piezoelectric polarization [27] , while that of ZnO thin films measured by Guillemin et al. [28] , was implicitly coherent with the spontaneous one. None of those authors; except Brukbaker et al., has pointed out these PFM phase discrepancies in the literature.
Here we explore the PFM measurements on different types of III-N semiconductors. The samples under investigations were bulk Ga-and N-GaN substrates with a thickness of 400 µm from LumiLog. Ga-GaN and N-GaN layers with a thickness of 500nm on 200 nm-AlN buffer layer, as well as a 200-nm Al-AlN layer on highly doped Si(111) substrates from Kyma technology, were also measured. On each sample, 5-10 nm Ti/20nm Au circular top electrodes with a diameter ranging from 250 to 1000 µm were deposited. A non-piezoelectric 250-nm SiO2 layer on a highly doped Si substrate and a commercial PZT bulk PCI300 from PI Ceramics with a known polarization direction were used as reference samples.
The nanowire samples were grown by using plasma-assisted molecular beam epitaxy. The undoped GaN and undoped Al0.9Ga0.1N/GaN nanowires were deposited on highly n-doped Si(111) substrates [29, 30] , while the AlN nanowires were grown on sapphires covered by conductive TiN layer obtained by sputtering [31] . The carrier concentration of undoped GaN nanowires was in the range of 10 17 cm -3 [32] . The polarity of GaN nanowires is N-polar, proven by KOH chemical etching [33] , and deduced by high-resolution scanning transmission electron microscopy (HR-STEM) analyses of the equivalent nanowires [34] . The AlN nanowires are suggested to have Al-polarity [31] . The nanowire details are summarized in Table I . To fabricate a top electrode on undoped GaN nanowire ensemble with the length of 1000 nm, the nanowires were embedded inside Polymethyl Methacrylate (PMMA). Then, O2 plasma etching was applied to remove the PMMA layer that covered on the top of nanowires. Afterward, the circular 10-nm Ti/ 60-nm Pt top electrode with a diameter of 1000 µm was deposited. All the samples were glued on a metallic holder by silver epoxy or silver paste which also act as a back electrode.
The PFM measurements were performed by using Bruker D3100-SFM, with an external AC and DC excitation and a lockin detection via a Zurich instrument HF2LI. The resolution limit of our setup is ~ 0.5 pm. The conductive SFM tip is coated by Ti/Ir or Pt/Ir with a spring constant of 0.2, 3 and 40 N/m. The bias was applied at the backside of the substrates, while the SFM tip and the top electrode were electrically connected to ground. The frequency dependence of the PFM signal was measured to ensure that there is no mechanical amplification at 17 kHz which was the selected frequency for PFM measurements. A non-local electrostatic contribution was determined via a contact potential difference (VCPD) by an open-loop Kelvin Probe Force Microscopy (KPFM) in a standard intermittent mode [35] .
It is known that the background can contribute to the PFM signal; therefore, all our analyzed piezoresponse amplitude was extracted from the X-signal rather than the R-signal of the lockin amplifier output [36] . In any case, we verified that the Y-signal is nearly zero, allowing the determination of the PFM phase by the sign of the X-value. A negative sign is out-of-phase in respect to the excitation voltage, while a positive one is in-phase. The effective piezoelectric constants (d33) were extracted from the slope of the X-signal versus the applied VAC amplitude. Figure 2 presents the investigations of the electrostatic effect on the PFM response of GaN. The concurrent electrostatic force often occurs between the SFM tip/cantilever and the sample surface because of the surface potential and surface charges [37] . This force can either attract or repulse the SFM cantilever, which modifies the cantilever motion caused by the crystal displacement and changes the phase and amplitude of the piezoresponse. This electrostatic contribution has the same frequency as the excitation voltage; thus, it cannot be filtered out via lock-in techniques. Nevertheless, such an effect can be minimized by using a high spring constant SFM cantilever, which is less sensitive to the electrostatic force, or it can be compensated by applying VDC = VCPD during PFM measurements [38] . Another possibility is to equalize the potential between the SFM tip/cantilever and the sample surface, by depositing the metal electrode on the sample surface and electrically connecting it to the SFM cantilever [5] . Figure 2 (a) summarizes the vertical PFM signal as a function of the applied VAC from the N-GaN bulk without top electrode. The measurements were performed by using the SFM cantilevers with different spring constants, i.e., 0.2 N/m, 3 N/m, and 40 N/m. In the case of the cantilevers of 0.2 and 3 N/m, the in-phase vertical signal with the slope or the effective d33 of ~ 8 pm/V and ~ 1 pm/V; respectively, was found. The phase signal became out-of-phase or was reversed by 180° with the extracted d33 of~ 1.2 pm/V, once the 40 N/m cantilever was used. In the latter case, the phase signal agrees with the piezoelectric polarization direction of N-GaN as described in Figure 1(b) . The in-phase PFM signal obtained by 0.2 and 3 N/m cantilevers indicates that this response is dominated by the electrostatic contribution, which is in-phase with the electrical excitation. In this particular case, the electrostatic force counteracts the cantilever motion induced by the crystal displacement. However, it is not straightforward to compensate this force by applying VDC=VCPD as suggested by ref [38] during the PFM measurements on semiconductors because this value depends on the surface band bending [37] , which can be varied by the applied VAC. The fixed value of the applied VDC might not be sufficient to cancel the electrostatic potential.
The extracted d33 value from the N-polar GaN without top electrode using 40 N/m cantilever (1.2 pm/V) in Figure 2 (a) is less than the expected value of 2.3 pm/V of GaN [25] . Using a conductive SFM tip as a top electrode is a standard PFM configuration that offers a high lateral resolution. However, it also localizes the applied field in a small volume underneath the tip, which can reach 10 9 V/m, depending on the tip radius, the dielectric constant, and the sample thickness [39] . This highly focused field results in a clamping effect; that is, the unexcited surrounding material, including the inactive Si substrate restricts the mechanical deformation in the excited volume [17] . Besides, if there is a non-piezoelectric oxide covering the surface of piezoelectric material, the majority of the field might localize in that layer. Both effects result in a lower PFM amplitude.
Another way to suppress the electrostatic contribution is to use the metallic top electrode which is electrically connected to the SFM cantilever [5] . Figure 2(b) shows the PFM measurements performed at the center of the 500-µm diameter top electrode on Ga-and N-GaN bulk, using the 3 and 40 N/m cantilever. The electrode center is a symmetric point, where the in-plane displacement does not contribute to the vertical motion of the cantilever [40] . Thus, the vertical signal directly corresponds to the mechanical motion of the crystal surface. In other words, at this position, there is no buckling effect of the cantilever, which modifies the PFM amplitude and phase.
As revealed by Figure 2(b) , there is no significant difference between the PFM responses obtained by using two different cantilever stiffness, reflecting the electrostatic screening by the electrode. However, the phase signal from these two samples was reversed by 180°, in comparison to those from the ones without the top electrode. For examples, the out-of-phase signal from N-GaN bulk became in-phase, while Ga-GaN bulk showed an outof-phase signal when the PFM was measured at the electrode center. Figure 2 (c) summarizes the effective d33 extracted from the PFM signal of N-GaN bulk, without and with top electrodes, as a function of cantilever stiffness.
Although the 180° phase difference between Ga-and N-GaN bulks indicates that the PFM signal is related to the material polarity, it cannot be directly described by a simple piezoelectric displacement of the sample surface, especially for the large d33 up to 6 pm/V from N-polar GaN bulk. This 180° phase offset cannot be attributed to the electrostatic force because it was entirely suppressed by the top electrode and by the high stiffness cantilever as confirmed by KPFM measurements.
The summary of the extracted d33 as a function of the top electrode diameter is presented in Figure 3 . These values were taken at the center of the electrode of Ga-and N-GaN bulk and thin films on Si(111), as well as a 200 nm Al-AlN on Si(111). The absolute value of these d33 systematically decreases in a smaller contact size, due to the clamping effect. Importantly, the d33 of nearly all samples changed to the opposite sign when the SFM tip was used for applying the bias, instead of using the top electrode. In the case of N-GaN thin film, the signal reached the resolution limit; thus, the sign could not be identified. This sign inversion shown in Figure 3 might be an indication for the bending motion of the substrate, which can reverse the piezoresponse by 180° once it is dominant [7] .
To qualitatively understand the crystal displacement behavior detected by PFM, we performed two-dimensional finite element simulations of piezoelectric displacements of Ga-GaN bulk by using COMSOL. The simulated thickness and width are 400 µm and 6 mm, respectively, which is equivalent to the size of the samples in our experiments. The top electrode diameter was varied from 100 nm to 5 mm, while the substrate backside was entirely covered with a metallic electrode. The effect of free carriers in semiconductor and the bandstructure were not considered. One-volt bias was applied at the substrate backside, while the top electrode was grounded. For the electrode diameter less than 100 µm in this particular geometry, the positive displacement corresponds to the piezoelectric polarization direction as expected for Ga-GaN bulk with a positive backside bias. The lower displacement than the bulk value is attributed to the restricted crystal motion caused by an unexcited surrounding crystal or the clamping effect. In this particular geometry, the simulations show that the sign of the displacement becomes negative when the electrode diameter is higher than 100 µm, and it turns positive again once the electrode diameter is above 2 mm. The inversion of the PFM sign to a negative value results from the dominant bending of the unclamped substrate because of an asymmetric field distribution along z-direction as shown in Figure 4(a) .
As the substrate bending originates from the piezoelectric effect, its sign also depends on the material polarity. The bending displacement is superimposed with the piezoelectric induced thickness variation, with an opposite sign. If the bending contribution is dominant, the 180° offset would appear in the vertical PFM signal. When the top and bottom electrodes entirely cover the substrate surface, the clamping and bending effects are both suppressed because the applied field becomes symmetric and uniformly distributes over the substrate. Therefore, the detected piezoresponse from the top surface could approach theoretical value. For a fully clamped substrate, the simulations suggest that the vertical displacement at the electrode center is always positive and increases with the electrode size as a result of the reduced clamping effect. To summarize, the bending effect is caused by an asymmetric field distribution due to an asymmetry between the top and bottom electrodes. The clamping effect is induced by the localized field caused by a small contact size in comparison to the sample dimension. The similar tendency was found in GaN thin film on Si.
The simulated results support our interpretations that the bending is responsible for the 180° phase inversion found in Figure 3 . Possibly, a perfect clamping backside substrate was not reached by a standard way of gluing the samples, resulting in a substrate bending. When the contact size is less than a critical value, the bending displacement can be minimized, but the clamping effect becomes superior. The situation depends on various parameters such as the substrate and contact geometry, the mechanical characteristics, the gluing material, as well as the sample holder [16, 41, 42] . It was found in other measurement techniques which can access only the displacement at the top surface, for examples, single interferometer [16, 43] , and laser Doppler vibrometer [44, 45] . Besides these simulations, our vector PFM measurements, which simultaneously detect the lateral and vertical displacements also indicated that the sign inversion of the vertical PFM signal was due to the substrate bending [40] .
The degree of bending and clamping effects should decrease in high-aspect-ratio structures; for examples, nanowires or nanocolumns because of the improvement of the field homogeneity and symmetry. Here, the PFM measurements were performed on III-N nanowires such as GaN, Al0.9Ga0.1N/GaN, and AlN, with the aspect ratio of around 1:10. Figure 5 (e) presents a typical PFM vertical signal versus an applied VAC, from GaN, Al0.9Ga0.1N/GaN, and AlN nanowires, in comparison. The measurements were performed at different positions on the sample surface, using the 40 N/m cantilevers which are less sensitive to the electrostatic effect. The phase response from Npolar GaN and Al0.9Ga0.1N/GaN nanowires are always out-ofphase, confirming the phase signal shown in Figure 5(d) . In contrast, the positive PFM signal from AlN nanowires corresponds to in-phase response, agreeing with the metal polarity of the investigated AlN nanowires observed by HR-STEM for one dispersed AlN nanowire from the same sample [31] .
The extracted d33 from the GaN nanowires were in the range between 1-1.6 pm/V, while the higher values from the Al0.9Ga0.1N/GaN nanowires in the range of 2.4-3.6 pm/V were systematically found. The value of around 4.5 pm/V was obtained from AlN nanowires. The piezoresponse was also investigated in the long and thin GaN nanowire ensemble covered by a one-mm diameter metallic electrode. In this case, the electrostatic effect was screened entirely, confirmed by KPFM measurements. The phase response is similar to the one presented in Figure 5 (e) with the extracted d33 of 1.5-2 pm/V. This slightly higher d33 is explained by the improved electrical contact between the metallic electrode and the nanowires, together with an increasing contact area.
We performed COMSOL simulations of GaN and Al0.9Ga0.1N/GaN nanowires with N-polarity and AlN nanowires with Al-polarity on Si substrate, by setting a fully-clamp boundary condition at the backside of Si substrate. The structural parameters for the simulations are selected to be as close as possible to the investigated samples. The diameter and the length of GaN nanowire is 50 nm and 600 nm, respectively. For Al0.9Ga0.1N/GaN nanowires, the diameter of 50 nm is chosen, while the length of Al0.9Ga0.1N section is 200 nm and that of GaN stem is 600 nm. The simulated structure of AlN nanowires is 50 nm in diameter and 800 nm in length. The top electrode diameter is set at 1 nm, to imitate the contact area between the SFM tip diameter and the nanowire. The bottom surface of Si substrate is fully covered by the electrode. The solid lines in Figure 5 (e) present the simulated vertical displacements of the nanowire top surface as a function of applied VAC, which agree with the experimental results. The extracted d33 and the polarity from PFM measurements of the investigated nanowires are summarized in Table II , in comparison with the bulk values and the ones obtained from COMSOL, together with the expected polarity of each sample. This table shows that the phase response from the nanowires is consistent with the expected polarity of the investigated nanowires. The large fluctuation and the deviations from the predicted d33 in the case of Al0.9Ga0.1N /GaN nanowires is possibly because of the chemical content variation among each Al0.9Ga0.1N/GaN nanowires. The lower d33 of GaN and AlN nanowires might be caused by the tip-surface contact characteristic or the effect of the free carriers in nanowires in the case of GaN, which must be further explored. In any case, the giant piezoelectric effect was not observed, in the nanowires which were grown by the same technique as the ones in ref [3] [4] . In conclusion, we present the influences of the electrostatic contribution on the PFM signal from GaN bulk and thin films, as well as a possibility to suppress it, either by using the high stiffness cantilever or by using the top metallic electrode. However, the bending and clamping effects can play a role on the PFM phase and amplitude, depending on the electrode size and the sample geometry. We show that the 180° phase inversion in piezoresponse is likely coming from a non-ideal clamping boundary of the substrate backside, which introduces the bending displacement superimposing with the piezo-one. Both effects can be diminished in high aspect ratio structures. Our results suggest an alternative way to reach quasi-quantitative PFM by reducing the lateral dimension of the measured materials, together with the use of high stiffness cantilever. The polarity of III-N nanowires extracted from the PFM is consistent with the expectations, while the obtained d33 values agree with finite element simulations using bulk parameters. Thus, we suggest that the giant piezoelectric effect does not exist in GaN, AlN and AlGaN/GaN nanowires, which are equivalent to the ones in ref [3] [4] . We also proposed that the interpreted Ga-polar area in GaN nanowires shown by Minj et al. in ref [26] is rather N-polar one.
